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In budding yeast, MEC1 and RAD53 are essential for ceil growth. Previously we reported that mecl or rad53 
lethality is suppressed by removal of Smll, a protein that binds to the large subunit of ribonucleotide reductase 
(Rnrl) and inhibits RNR activity. To understand further the relationship between this suppression and the 
Smll-Rnrl interaction, we randomly mutagenized the SML1 open reading frame. Seven mutations were iden- 
tified that did not aifect protein expression levels but relieved mecl and radS3 inviability. Interestingly, all sev- 
en mutations abolish the Smll interaction with Rnrl, suggesting that this interaction causes the lethality 
observed in mecl and ra453 strains. The mutant residues all cluster within the 33 C-terminal amino acids of 
the 104-amino-acid-long Smll protein. Four of these residues reside within an alpha-helical structure that was 
revealed by nuclear magnetic resonance studies. Moreover, deletions encompassing the N-terminal half of 
Smll do not interfere with its RNR inhibitory activity. Finally, the seven smll mutations also disrupt the inter- 
action with yeast Rnr3 and human Rl, suggesting a conserved binding mechanism between Smll and the large 
subunit of RNR from different species. 



Ribonucleotide reductase (RNR) is a highly conserved en- 
zyme that catalyzes the conversion of nucleoside diphosphates 
(NDPs) to dNDPs, the rate-limiting step of deoxynucleoside 
triphosphate (dNTP^ formation, and DNA synthesis. Its activ- 
ity directly affects the balance and the levels of the dNTP pools 
and subsequently genetic stability (29). Due to its vital impor- 
tance, RNR is tightly regulated by both cell cycle and environ- 
mental cues. At S phase and after DNA damage, RNR activity 
is up-regulated to provide sufficient and balanced dNTP pools 
for DNA replication and repair. Mutations interfering with this 
regulated increase in RNR activity in yeast and humans can 
lead to growth defects and sensitivity to DNA-damaging agents 
(12, 32). RNR activity is also subjected to negative regulation, 
which is equally important. This is underscored by the obser- 
vation that overexpression of a small subunit of yeast or human 
RNR in yeast cells causes chromosome instability (27). Pre- 
sumably, the deleterious effects of rampant RNR activity may 
be due to decreased DNA polymerase fidelity caused by excess 
dNTP levels and, at the same time, diminished NTP levels, 
which may interfere with RNA synthesis and numerous ATP/ 
GTP-dependent cellular processes. 

Currently, two mechanisms for RNR regulation are known. 
First, RNR is under allosteric control. In most organisms, the 
RNR holoenzyme is a tetramer composed of two distinct sub- 
units (<x 2 p 2 ), both of which contribute to the enzymatic activity. 
However, only the large subunit contains two allosteric sites: 
one regulates the balance among the four dNTP pools, and the 
other regulates feedback inhibition by monitoring the dATP/ 
ATP ratio and modulating overall RNR activity accordingly 
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(20). Second, RNR is subjected to transcriptional regulation. 
In the budding yeast, transcription of the RNR genes is induced 
in S phase and after DNA damage (10, 11, 12, 17). The induc- 
tion in S phase is mediated by the MBP1ISW16 pathway (8, 21); 
the induction in response to DNA damage is controlled by the 
MEC1/RAD53 cell cycle checkpoint pathway (9, 17). This latter 
pathway can activate a downstream kinase, Dunl, which in 
turn relieves transcriptional repression by Crtl (18, 36). In 
humans, transcription of the RNR large subunit and one RNR 
small subunit is also induced at S phase (28). Recently, a new 
human RNR small subunit (p53R2) was shown to be induced 
by p53 after DNA damage. Moreover, the p53-dependent in- 
duction of p53R2 is crucial for DNA repair and cell survival 
after DNA damage (32). 

It is noteworthy that the conservation of RNR from yeast to 
humans extends beyond the sequence level to include the 
mechanism of transcriptional regulation via conserved DNA 
damage checkpoint pathways. Yeast Mecl is a homolog of 
ATM (ataxia telangiectasia mutated) and ATR (ataxia- and 
Rad-related) in humans (16); yeast Rad53 is the homolog of 
CHK2 in humans, which is mutated in some Li-Fraumeni syn- 
drome patients (2, 26). Both ATM-ATR and CHK2 function 
upstream of p53 in the DNA damage response (3). From an 
evolutionary perspective, the conservation of this pathway and 
its components underscores the importance of dNTP regula- 
tion in cell survival. 

Recently, a protein inhibitor of RNR has been discovered in 
yeast. A study of a suppressor of mecl and rad53 lethality 
(smll) showed that the SML1 gene negatively regulates dNTP 
levels (35). Furthermore, it was demonstrated that the Smll 
protein binds to a large subunit of RNR (Rnrl) in vivo and in 
vitro and inhibits RNR activity efficiently (5, 35). These results 
suggest a new mode of RNR regulation: Mecl and Rad53 are 
required to relieve the Smll-Rnrl interaction in S phase, al- 
lowing synthesis of sufficient amounts of dNTPs for DNA rep- 
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TABLE 1. Primers used in this study 

■ ■ " ; " ' " " Sequence 

daoti gads'' ;:::;;:::"."::'"/.'"TrGGAATCAcrACAGGGATG 

pAcni-tm : : 

SMLlstart ; . 

Sggatccccggggcctccatttcgatgatgtagtttctgg 
k t S "I!.!.!..!cttgacgttcgttcgactgatgagca 

k l ytor II" gagcaatgaacccaataacgaaatc 

HuRiy+i « accatcgatgatgcatgtgatcaagcgag 

2"r y to aactgcagtcaggatccacacatcagac 

RNR3 5'+0 GAAGGCCT ATGTAC GTTATTAAAAGAGACG 

R NR3 3 CGGAAGATCTTTTTCTTCTACACCCCAGAG 

DinSoRK" ' : GGGGATCCAGATGAGTTTGTCCACGAAAAG 

™™ k =- d^SSSSSS^ 

dir . ; §ATG^GATCGATAGAGTTGGCTCT^ 

^3Arev : £££3^^ 

f^Adir.. £aTGT^ 

|Z|S f ev ... .CATGTCATGATCG ATAG GGTTG AGTCTCTCCTCCAAATCCTTTTCCC 

^04Ldi r IIII GGTCGAGGAAATGGACTTGTAAG^TCCGGCTGC 

F Q4L rev " 2 GCAGCCGGATCCHTACAAGTCCATTTCCTCGACC^ 

Sdir " .......TATGGCTGAGGTACCTATGTrGTCTACrCA^ 

■ K.L. 5'int and K.L. 3'int are used in reference 13. 



lication. According to this model, in the absence of Mecl ^or 
Rad53 decreased activity of RNR due to constitutive inhibi- 
tion by Smll may cause insufficient dNTP levels and subse- 
quent cell death (35). 

The aforementioned model suggests a new mode of RNR 
regulation and provides a simple explanation for the essential 
function of Mecl and Rad53. However, based on current data, 
other possibilities cannot be excluded. In particular, is suppres- 
sion of mecl and rad53 lethality by smll mutations really due 
to loss of RNR inhibition or is there yet another unidentified 
mechanism(s)? The existing smll alleles do not help differen- 
tiate between these possibilities since both are null mutations: 
one is a deletion of the SML1 open reading frame (ORF) 
(sm//A) and the other is a deletion of its promoter (smll-1) 
(35) Either mutation may abolish other unknown functions of 
Smll to relieve mecl and rad53 lethality/Additionally, other 
genetic suppressors of mecl and rad53 lethality, namely over- 
expression of RNR1 or deletion of the transcriptional repressor 
CRT1 (7, 18), are also not informative, as they likely increase 
the amount of Rnrl which titrates Smll activity. 

Here, we address the above issue by reasoning that if inhi- 
bition of RNR by Smll leads to inviability in mecl and rad53 
cells, then loss-of-function missense mutations of Smll should 
either fail to interact with Rnrl or abolish its RNR inhibitory 
activity. Therefore, we performed a comprehensive screening 
that permits the identification of any smll missense mutation 
that rescues meclL and rad53k lethality but does not affect 
protein levels. Next, we asked whether such mutated forms of 
Smll could bind to Rnrl and inhibit RNR activity. Using such 
an approach, we obtained seven smll missense mutations. In- 
terestingly, all of these mutations mapped to the last 33 amino 
acid residues and they all abolish the Smll-Rnrl interaction in 
a two-hybrid assay. Moreover, four mutations were tested m an 
in vitro RNR assay, and all four no longer inhibit the enzyme. 



These results demonstrate that the loss of Smll-Rnrl interac- 
tion is sufficient to suppress mecl and rad53 lethality. 

In addition, the C-terminal clustering of seven Smll muta- 
tions suggests that this region may contain important struc- 
tures. Investigation by nuclear magnetic resonance (NMR) 
studies revealed that the 104-amino-acid-residue-long Smll 
polypeptide has a loosely folded tertiary structure with an N- 
and a C-terminal alpha helix oriented in an antiparallel fash- 
ion All seven smll missense mutations reside in or are adja- 
cent to the C-terminal alpha helix. Deletion analysis further 
confirmed that only the C-terminal half of Smll is required for 
inhibition of RNR activity. Taken together, these in vivo and in 
vitro data define the Rnrl interaction domain of Smll. Inter- 
estingly, all seven smll mutations also abolished the interaction 
with the other yeast RNR large subunit (Rnr3) as well as with 
the human RNR large subunit, suggesting a conserved binding 
mechanism for these interactions. 

MATERIALS AND METHODS 

Primers, yeast strains, and plasmids. All primers used in this study are listed 
in Table 1. We used the cloning-free PCR-based allele replacement method to 
integrate two mutant alleles at the SML1 chromosomal locus (13). In brief, 
mutant smll ORFs (smll-I76T and smll-S87P) were amplified using primer pair 
SMLlstart and SMLlstop. Fragments containing the N-terminal or C-terminal 
two-thirds of the Kluyveromyces lactis URA3 gene were amplified using primer 
pairs K.L. start and K.L. 3'int or K.L. stop and K.L. 5'int, respectively. Each of 
these two PCR products was fused to the smll ORF by mixing the appropriate 
fragments and amplifying using primer pairs SMLlstart and K.L 3 int or 
SMLlstop and K.L. 5'int. The final fusion products were gel purified and co- 
transformed into a wild-type yeast strain W1588-4A (35; all yeast strains used in 
this study, except PJ69-4A, are in the W303 background and only the relevant 
cenotype is noted). Transformants were selected on synthetic complete (SC)-Ura 
and recombinants that excised the JC lactis URA3 gene were obtained on SC-5- 
ftuoroorotic acid medium. The correct replacements were confirmed by PCK and 
sequence analysis. Two yeast strains constructed by this allele «P^ mcn j 
method were crossed to U963-61A (MAT* mecl^TRPl smllteHlSS) and 
W2105-17B (MATa rud53A::HlS3 smUb::URA3) to obtain the four diploid 
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FIG. 1. Isolation of lc*s-of-function smll mutations. (A) Scheme for isolating loss-of-function smll mutations. The SML1 ORF was mutage 
amolmcation (see Materials and Methods). The PCR fragments were cotransformed into yeast strain U1047 (MAT* adelb ade3b smll AvMIS3 mecl-1 [pC87 ADE3' 
^SK»~tJ^^JS«or pACTII that has a GADfused with an HA tag (pGAD-HA). Strain U1047 forms solid red colonies when the fus.or >I™ 
vM-SsMLl (PGAD-HA.5A/L7); it forms red-white sectored colonies when the fusion protein contains loss-of-functior ismll mutations (pG^-HAW/ or only 
7he GAD-HA fusion (B) Expression of the mutated Smll proteins. The GAD-HA fusion proteins containing wild-type and mutated Smll were detected on a protein 
Mot r^sme ant ^ mdS^2CA5). The bracket indicates the GAD-HA-Smll proteins. The multiple bands are due to phosphorylation that is stabilized .n 
SXwSll fusion TrotSns (data not shown). (C) Positions of the seven smll mutations. The amino acid (a.a : ) changes and the.r pos.t.ons on the protein are 
illustrated. The hatched boxes depict alpha-helical regions revealed by NMR. 



strains used in the study (see Fig. 2). During tetrad analysis, smll-I76T and 
smll-S87P were detected by the absence of a Chi site and the presence of a new 
Avail site, respectively. , 

Strain PJ69-4A [MAT* trpl-901 Ieu2-3,112 ura3-52 his3-200 gal4& gal80& 
LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ) was used as the two-hybrid 
host strain; vectors pGBD-Cl, pGBD-C2, and pGBD-C3 were used to construct 
the two-hybrid plasmids (19). Human Rl cDNA was PCR amplified from a 
human liver cDNA library (a gift from Guangxia Gang and Stephen Goff) by 
using primer pair HuRl 5' + l and HuRl 3'+0. The PCR fragment was cloned 
into the pGBD-C3 vector between the Clal and Pstl sites to create p\VJ900. The 
yeast RNR3 gene was PCR amplified from plasmid pSE734 (kindly provided by 
Steve Elledge) by using primer RNR3-5'+0 and primer RNR3-3'. The PCR 
fragment was cloned into the pGBD-Cl vector between the Smal and Bam HI 
sites to create pWJ770. The yeast DUN1 gene was PCR amplified from wild-type 
chromosomal DNA by using primer DUN10RF5' and primer DUN13'. The 
PCR fragment was cloned into the pGBD-C2 vector between the Pstl and 
BamHI sites to create pWJ730. 

To construct Escherichia coli expression plasmids that contain smll-R72A, 
smll-L73A y smll-S75A, srnll-S75P, or smll-F104L, the pET3a5AfL/ expression 
plasmid (5) was mutagenizjbd using the QuickChange Site-Directed Mutagenesis 
Kit (Stratagene). The primer pairs were named according to their correspond- 
ing mutations and are listed in Table 1. The correct mutations were confirmed 
by DNA sequence analysis. To construct the pET3aA2-39 smll plasmid, 
pET3aSML7 was first cut by the restriction endonucleases Ndel and Ncol. The 
4.77-kb fragment between Ndel and Ncol was subsequently ligated with the 
annealed A2-39dir and A2-39rev oligonucleotides. pET3aA28-50 smll was made 
by self-ligation of the 4.85-kb fragment that was produced from the Ncol diges- 
tion of the pET3a5AfL/ plasmid. 

Isolation of loss-of-function smll mutations. PCR mutagenesis of the SML1 
ORF was carried out using the chimeric primers smll-mut5' and smll-mut3'. 
The 5' 46 nucleotides of these two primers are homologous to sequences adja- 
cent to the BamHl and Ncol sites on the pACTII vector (a 2 nm plasmid 
containing a Gal4 activation domain [GAD] followed by a hemagglutinin [HA] 



tag; Clontech Inc.). The 3' sequences of the two primers are homologous to the 
flanking sequence of the SML1 ORF. The PCR mixture contained the following 
components: 10 mM Tris-HCl, 1.5 mM MgCl* 50 mM KC1 (pH 8.3), 0.25 mM 
MnCl 2 , 500 p.M (each) dNTPs, 1 p.M concentrations of each primer, 5 U of Taq 
DNA polymerase, and 10 ng of plasmid pWJ699 (35) as template. The PCR 
conditions were 40 cycles of 30 s at 94°C, 15 s at 54°C, and 1 min at 72°C. 

The PCR-mutagenized product was gel purified and cotransformed into yeast 
strain U 1047 (MAT* ade2A ade3& smll bvJiIS3 mecl-1 [pC87 ADE3-URA3- 
MEC1]) with pACTII vector that was linearized at BamHl and Ncol sites. In vivo 
homologous recombination between the PCR fragments and the vector DNA 
produced a library of fusion proteins composed of GAD and mutagenized Smll 
(25). The yeast strain U 1047 forms red-white sectored colonies on nonselective 
medium, as the plasmid pC87 is not required for cell viability and is lost during 
cell division (22, 30). However, when transformed with plasmid pWJ845 (35), 
which encodes the GAD-HA-Smll fusion protein, cells cannot lose pC87 plas- 
mid and therefore form solid red colonies (Fig. 1A). When transformed with 
vector pACTII alone or with a pGAD-HA-smll mutant plasmid, cells can lose 
pC87 plasmid and form red-white-sectored colonies (Fig. 1A). 

After growing transformants at 30°C for 5 days, red-white sectored colonies 
were picked. These candidates were further tested for insertions by colony PCR 
using primer pair pACTII-GADS' and pACTII-tm. The self-ligated pACTII 
vector gave rise to a 450-bp fragment, while plasmids containing insertions gave 
rise to a 760-bp fragment. Only plasmids containing insertions were further 
analyzed for protein levels by protein blottings using anti-HA antibody (12CA5; 
Boehringer Mannheim). Twelve plasmids producing fusion proteins close to the 
size of GAD-HA-Smll and at or above wild-type protein levels were rescued 
from yeast cells and retransformed into strain U1047. Their phenotype and 
protein levels were confirmed. 

Sequence analysis revealed that four of the plasmids contain a single nucleo- 
tide change, each resulting in one of the following substitutions: L73P, I76T, 
S87P, and F104L. Moreover, three plasmids contain mutation R72G, three 
plasmids contain mutation S75P, and two plasmids contain mutation F94S. Two 
of the plasmids that have the S75P mutation also contain additional mutations. 
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Since mutation S75P alone results in the loss of Smll function, these plasmids 
were not further analyzed. ■ _ 

Expression of recombinant Smll arid generation of anti-Smll antibody. Re- 
combinant wild-type and mutant Smll proteins were expressed in E. coh BL21 
(DE3) pLysS bacteria as described by Chabes et al. (5), except for A2-39Smll, for 
which the ammonium sulfate precipitation step was omitted. Isotope labeling of 
Smll was made by growing bacteria in minimal medium containing NH A C1 and 
[ 13 C]glucose. \ 

The SML1 ORF was PCR amplified and cloned into vector pQE60 (Qiagen). 
His 6 -tagged Smll protein was then purified from E. coli extracts by using an 
Ni-nitrilotriacetic acid column according to the manufacturer's instructions. The 
purified protein was injected into rabbits to generate polyclonal antibodies (Co- 
calico Biologicals, Inc.). 

NMR spectroscopy. The sequence-specific backbone assignment of the 5»mii 
protein was derived from standard triple resonance NMR spectra (31) on uni- 
formly labeled 15 N-labeled and I3 C, 15 N-labeled samples. Spectra were recorded 
at temperatures between 2 and 6*C on Bruker DRX-600 and DMX-500 spec- 
trometers. Samples contained 25 mM sodium phosphate buffer (pH 7.0), 25 mM 
NaCl 90% H 2 O-10% D 2 0, and 10 mM dithiothreitol. Protein concentrations of 
0 4 and 0.6 mM were used for the l5 N-labeled and 13 C, 15 N-labeled samples, 
respectively Values for random coil shifts used in the calculation of secondary 
Ca shifts were taken from a study by Wishart et al. (33). Relaxation studies of 
15 N were carried out as described by Farrow et al. (14). 

Other methods. Yeast media preparation and other yeast manipulations were 
described by Adams et al. (l). Extraction of yeast proteins and protein blottings 
were performed as described by Harlow and Lane (15). The RNR activity assay 
was described by Chabes $t al. (4). 

RESULTS 

Isolation of missense smll mutations that do not inhibit 
meel cell growth. To understand whether the inhibitory bind- 
ing of Smll to Rnrl causes lethality in meel null strains, we 
designed a screen to isolate missense smll mutations that are 
not toxic in meel cells. In brief, the SML1 ORF was randomly 
mutagenized by PCR amplification. The resulting DNA frag- 
ments were cotransformed with a gapped two-hybrid vector 
into a meci-1 smll A strain that also contained a pRS416- 
ADE3-MEC1 plasmid (see Materials and Methods). In vivo 
homologous recombination between the PCR fragments and 
the vector DNA produced a library of fusion proteins com- 
posed of the GAD and mutagenized Smll. Candidates for loss- 
of-function smll mutations were identified using the red-white 
color screen shown in Fig. 1A (also see Materials arid Meth- 
ods). In this scheme, the fusion protein of GAD and wild-type 
Smll gave rise to solid red colonies since a functional Smll 
only allows the growth of cells that retain the MEC1 -containing 
plasmid (the ADE3 ^marker on this plasmid confers the red 
color). In contrast, an inactive Smll gave rise to red-white 
sectored colonies since the MEC1 -containing plasmid is incon- 
sequential and can be lost randomly. Sectored colonies due to 
vector self-ligation without incorporation of Smll were elimi- 
nated by PCR analysis of the insertion (see Materials and 
Methods). Mutations causing truncations or unstable proteins 
were also eliminated by examination of the fusion proteins on 
protein blots. Among 1,200 red-white sectored colonies, 12 
contained plasmids that produced near-full-length fusion pro- 
teins at a level similar to or higher than that of GAD-HA-Smll 
(Fig. IB). These plasmids were rescued from yeast and con- 
firmed for their effect in meel A and rad53A cells. 

Sequence analysis .of these 12 plasmids revealed seven sub- 
stitution mutations: R72G, L73P, S75P, I76T, S87P, F94S, and 
F104L (Fig. 1C). The R72G, F94S, and S75P missense changes 
were identified multiple times. Interestingly, all these muta- 
tions localized to the 33 C-terminal amino acids of the Smll 
protein (104 amino acids long), suggesting that the C terminus 
of Smll is important in causing meel and rad53 inviability. 

Chromosomal copies of smll mutations also rescue meel A 
and rad53A lethality. To eliminate any artifacts due to over- 
expression of Smll from the plasmids, two smll mutations 
(I76T and S87P) were integrated into the chromosomal SML1 




Smll protein 



1 2 3 



B 



meclA smil'S87P 
+ smll A 



smll-n6T 
smll A 




rad53L smll-S87P 
+ smll A 



rad53A smll-I76T 
+ snUIA 



FIG. 2. smll mutations rescue meel and radS3 lethality. (A) The Smll pro- 
tein level in wild-type (lane 1), smll-I76T (lane 2), and smll-S87P (lane 3) strains 
was examined by protein blotting. The arrow indicates the Smll protein. The 
darker band above Smll cross-reacts to anti-Smll serum and was used as a 
loading control. (B) Tetrad analysis of smll-176T and smtl~S87P. The genotype 
of the diploid is above or below each panel. Two tetrads are shown for each and 
are displayed horizontally. The arrows (-♦) indicate meel A smll A (top) and 
rad53A smll A (bottom). The arrowheads (▼) indicate meel A smll-S87P (top 
left), meel A smtl-I76T (top right), rad53& smll-S87P (bottom left), and rad55A 
smll-I76T (bottom right). In all cases, smll A and two smll mutations suppressed 
meel A and rad53A to a similar degree. 

locus to replace the wild-type gene. These mutant alleles pro- 
duced wild-type levels of protein, indicating that protein sta- 
bility is unaffected (Fig. 2A). Genetic analysis showed that, like 
an smll A mutation, both smll -176T and smll-S87P suppress 
the lethality of meel A or rad53A mutants: they both completely 
rescue the growth defect of meel A cells but only partially 
rescue that of rad53A (Fig. 2B). Also similar to smll A, these 
two mutations do not rescue the checkpoint defects of meel A 
or rad53A strains (data not shown). 

smll mutations do not interact with the large subunits of 
yeast RNR in a two-hybrid assay. All seven smll mutations 
were tested in the yeast two-hybrid assay for interaction with 
the large subunits of the RNR enzyme. In yeast, RNR1 and 
RNR3 encode two large subunits of RNR that have 80% iden- 
tity (7, 11). We showed previously that wild-type Smll interacts 
with Rnrl (35). Interestingly, all seven mutated forms of Smll 
failed to interact with Rnrl, as they were unable to turn on any 
of the three two-hybrid reporter genes (Fig. 3 and data not 
shown). We have also found that Smll interacts with Dunl in 
two-hybrid assays, and we used this as a control for nonspecific 
'. loss of interaction/The seven mutated proteins, like Smll- 
R72G shown in Fig. 3A, still retained their ability to interact 
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FIG. 3. Interaction between SMLI or smU mutants and RNR1 or DUNI in 
two-hybrid assays. (A) Plasmids containing GAD-HA-SML7 or GAD-HA-smll- 
R72G were cotransformetj with plasmids containing GBD vector alone (vec), 
GBD-DUN1, or GBD-RNRI into two-hybrid strain PJ69-4A The interactions 
were assayed by activation of the HIS3 reporter on SC-TRP-LEU-HIS medium. 
Four, or five transformants are shown for each cotransformation. smll-R72G 
failed to bind to Rnrl but still interacted with Dunl. Similar observations were 
made for the other six smll mutations (data not shown). (B) LacZ activity was 
measured in Miller Units (1). The white bars represent the interactions between 
smll mutants and Rnrl, and the black bars represent those between smll mu- 
tants and the empty GBD vector. WT, wild type. 



with Dunl. Thus, it is likely that these mutations specifically 
disrupted the Smll-Rnrl interaction. 

Although RNR3 is not essential for growth and DNA darn- 
age repair, its overexpression can complement rnrl mutations 
as well as suppress the lethality of mecl and rad53 (7, 11). 
These observations indicate that Rnr3 can functionally substi- 
tute for Rnrl. In a two-hybrid assay, we observed that the 
Rnrl-Rnr3 combination only activates the more sensitive HIS3 
reporter gene, suggesting a weak interaction (Fig. 4A). We 
next tested whether wild-type and mutant forms of Smll can 
interact with Rnr3. As shown in Fig. 4A, wild-type Smll inter- 
acted strongly with Rnr3 while Smll-R72G failed to interact. 
Similar results were observed with the other six smll mutants 
(data not shown). 

Solution structure of Smll and positions of the mutations in 
the secondary structure. The locations of the seven mutations 
suggest that the C terminus of Smll may contain structural 
elements important for its function. To investigate this further, 
the three-dimensional structure of the free Smll protein and 
its dynamics were determined by NMR. Here, we present the 
structural data most relevant for the interpretation of the mu- 
tations. We found that the free Smll polypeptide chain is 



highly flexible in solution and has no defined tertiary structure. 
However, three regions exhibited a high degree of backbone 
order (S2 > 0.6). These are amino acid residues 4 to 14, 20 
to 35, and 61 to 80. Both regions 4 to 14 and 61 to 80 are 
alpha-helical, as shown by the positive secondary Cot chemical 
shifts of the amino acids in these two regions (Fig. 5). Overall, 
the three-dimensional architecture of Smll is best character- 
ized as a loosely folded tertiary structure in which the two main 
helices are oriented in an antiparallel fashion. Interestingly, 
four Smll mutations reside in the 61 to 80 alpha helix and the 
other three mutations are located in the random coil region C 
terminal from this helix. 

Effects of mutations and deletions in Smll on its inhibitory 
activity of RNR. To understand the biological significance of 
the structural elements revealed by NMR studies, deletions 
and mutations of Smll were tested in an in vitro RNR activity 
assay. First, we deleted amino acids 2 to 39, which contain two 
regions exhibiting high degrees of backbone order (4 to 14 and 
20 to 35). This recombinant protein inhibits RNR activity in 
vitro as potently as wild-type Smll (Fig. 6). Next, a deletion was 
made between amino acid residues 28 and 50, eliminating most 
of the nonstructural linker region. This truncated protein also 
efficiently inhibited RNR activity (Fig. 6). Thus, the N-terminal 
half of Smll (amino acids 2 to 50) is not required for RNR 
inhibition. Together with the mutagenesis data, these results 
clearly demonstrate that the C terminus is necessary and suf- 
ficient for the inhibitory role of Smll. 

Next, we addressed the question of whether residues R72, 
L73, and S75 inactivated Smll as a result of the destruction of 
the alpha helix or the loss of side chain-specific interactions. 
Each of the original mutations, R72G, L73P, and S75P, was 
mutated to alanine (R72A, L73A, and S75A) to avoid desta- 
bilization of the alpha helix (6). In the in vitro assay, both 
R72A and L73A lost the ability to inhibit RNR, suggesting that 
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R72 and L73 are likely to be involved in side chain-specific 
interactions (Fig. 6); On the other hand, S75A could still in- 
hibit RNR, while the S75P substitution completely abolished 
the inhibition (Fig. 6). This result indicates that S75 is impor- 
tant only for maintaining the alpha helix. 

We also tested mutation F104L for in vitro inhibition of 
RNR. This mutation (which resides outside the C-terminal 
alpha helix) dramatically reduced Smll inhibitory activity, 
suggesting that the random coil downstream of the C-ter- 
minal alpha helix also contributes to the regulation of RNR 
(Fig. 6). 

Mutations affecting Smll and yeast Rnrl or Rnr3 interac- 
tion abolish Sihll-human Rl interaction. The RNR enzyme 
has been very conserved throughout evolution (reviewed in 
reference 20). For example, Rnrl in yeast has 67% identity and 
83% similarity with the large subunit from the mouse and 
humans. Thus, it is reasonable to expect that yeast Smll may 
interact with RNRs from other species. We showed previously 
that Smll interacts with the large subunit of the mouse RNR in 
vitro almost as strongly as it does with yeast Rnrl (5). We now 
show that Smll can also bind to the human large subunit 
(human Rl) in a two-hybrid assay. This interaction is as strong 
as that of Smll andlyeast Rnrl, judging by the expression of 
the three two-hybrid reporters (Fig. 4B; data not shown). We 
tested the same seven Smll mutants required for binding to 
yeast Rnrl and Rnr3 for their effect on Smll-human Rl inter- 
action. All seven failed to interact with the human Rl, and an 
example is shown for Smll-R72G (Fig. 4B). This suggests that 
the binding mechanism between Smll and the RNR large 
subunits has been conserved from yeast to humans. 

DISCUSSION 

The relationship between the Smll-RNR interaction and 
Mecl and Rad53 essential functions. Smll was first isolated as 
a suppressor of meclA and rad53H lethality (35). Study of the 
smll mutant phenotype suggested that Smll negatively regu- 



lates dNTP synthesis/Consistent with this idea, deletion of 
Smll results in a 2.5-fold increase of all four dNTPs (35). 
Two-hybrid and biochemical results further revealed that Smll 
inhibits dNTP synthesis by directly binding to the large sub- 
units of RNR (5, 35). These studies demonstrate clearly that 
the Smll protein functions as an inhibitor of the key enzyme in 
dNTP formation. However, it was unclear from these experi- 
ments whether smll suppression of mecl and rad53 mutants is 
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processed as described earlier to obtain the amount of dCDP formed (4). Shown 
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square), S75A (open circle), S75P (open triangle), R72A (filled circle), F104L 
(filled square), and L73A (filled triangle). 
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due to loss of this function or is due to another unidentified 
mechanism(s). 

To address this issue, we screened for missense smll muta- 
tions that relieve the lethality of mecl and rad53 mutant cells 
and then tested whether these mutations affect Smll binding to 
Rnrl or inhibition of RNR. We expected that if the inviability 
in mecl or rad53 cells is due to the inhibition of RNR by Smll, 
then smll suppressor mutations should always abolish its RNR 
inhibitory activity. On the other hand, if the toxicity in mecl or 
rad53 cells is caused by some other function of Smll, then 
these suppressors would not necessarily affect the interaction 
with Rnrl. Among the smll mutations that suppress mecl 
lethality, we found Seven missense mutations that expressed 
protein at or above wild-type levels. Each of these mutations 
abolished the interaction with Rnrl in a two-hybrid assay. 
Furthermore, they also abolished the interaction with Rnr3, an 
isoform of the RNR large subunit. However, these mutations 
did not affect the interaction between Smll and Dunl (which 
is under further investigation). Therefore, it is likely that the 
seven Smll mutations specifically destroy the interaction of 
Smll with the large RNR subunits. Additionally, four muta- 
tions were tested for inhibition of RNR activity in vitro and 
none showed significant inhibition. Taken together, these re- 
sults show that mutations of Smll residues essential for the 
interaction between ^Smll and the large subunits of RNR re- 
lieve mecl and rad53 inviability. 

The structure of Smll. Smll is a small protein of 104 amino 
acid residues (35). Interestingly, the region necessary and suf- 
ficient to inhibit RNR activity is even smaller. The fact that all 
seven Smll mutations that failed to interact with Rnrl and 
Rnr3 are located within the last 33 amino acids and that de- 
letion of the first 50 amino acids did not affect inhibition of 
RNR activity suggests that only the C-terminal half of Smll is 
important for RNR; inhibition. NMR studies show that this 
region contains a long alpha helix (amino acids 61 to 80) where 
four mutations (R72G, L73P, S75P, and I76T) reside (Fig. 5). 
The alpha helix-breaking S75P mutation, but not the S75A 
mutation, inactivates Smll, indicating the importance of this 
helix. However, the : inability of the three mutations down- 
stream of this helix, S87P, F94S, and F104L, to bind to Rnrl or 
Rnr3 reveals the presence of additional interfaces between 
Smll and Rnrl. 

NMR studies also revealed two other regions of the Smll 
protein that exhibit a high degree of backbone order (4 to 14 
and 20 to 35). However, deletion of these regions does not 
affect Smll inhibitory activity in vitro. It will be of interest to 
see whether these regions are involved in other aspects of Smll 
regulation (e.g., protein modification). Apart from three local 
structural elements, overall, the Smll protein in solution lacks 
a defined global structure. The three-dimensional architecture 
of Smll is best characterized as a loosely folded structure in 
which the two maiij helices are oriented in an antiparallel 
fashion. The significance of such a loosely folded structure 
remains to be determined. However, an increasing number of 
studies show that many regulatory proteins lack global struc- 
ture (reviewed in reference 34). For example, the cyclin-de- 
pendent kinase inhibitor p 2l Waf,/Ci P r/Sdil is soluble and stable 
but shows no evidence of tertiary structure in NMR studies 
(23). Similar cases were found among transcription and trans- 
lation factors as well "as proteins that are involved in membrane 
fusion (reviewed in reference 34). An intrinsically unfolded 
structure is thought to serve a critical role in protein binding 
and to provide a simple mechanism for regulation through 
modification. This feature is also thought to permit rapid turn- 
over, allowing a quick response to environmental stimuli (34). 



Perhaps the loosely folded Smll structure is important for its 
regulation by Mecl and Rad53. 

Although no homology of Smll has yet been reported, our 
earlier studies showed that Smll binds to the mouse Rl protein 
nearly as strongly as to yeast Rnrl (5). Here we show that yeast 
Smll binds to the large subunit of human RNR and that the 
same Smll residues essential for the yeast RNR interaction are 
also required for binding the human protein. Thus, it is likely 
that Smll interacts with yeast and mammalian Rl through a 
similar mechanism. Further structural studies of the complexes 
between Smll and RNR large subunits from different species 
will hopefully reveal the mechanism of inhibition. This type of 
information will be important for designing anticancer drugs 
targeting RNR since increased RNR activity is often associ- 
ated with rapidly proliferating tumor cells. Recently, it was 
shown that a lack of p53R2 induction in p53-deficient cells 
causes sensitivity to DNA damage (32). This led to the pro- 
posal that the low residual resistance seen in p53-deficient cells 
is due to basal-level dNTP synthesis (24). If this is true, then 
p53-deficient cancer ceils may be selectively sensitized by the . 
combination of DNA-damaging chemotherapeutic agents and 
a Smll -like inhibitor that binds to the RNR large subunit to 
eliminate basal RNR activity. 
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